ABSTRACT Conductive polymer composites have been receiving increased interest both from the scientific community and industry with a special focus on electromagnetic interference (EMI) shielding applications. In this paper, we present the design, EM wave simulation, and validation through S-parameters measurements of an EMI shielding effectiveness (SE) tester based on the ASTM D4935 standard, to be used in the development of such materials. EM wave simulations and computer aided design were used in parallel to improve the SE test setup performance, which resulted in a unique low-loss coaxial-spherical-conical smooth transition design that ensured the best tradeoff between sample size and performance. The proposed SE tester has an insertion loss smaller than 1 dB, with good reproducibility and a setup-independent frequency response in the frequency range from a few kHz up to 3 GHz.
I. INTRODUCTION
Current technologies rely heavily on electronic equipment and wireless communication systems using a wide range of frequencies signals. Worldwide efforts on the development and integration of the next generation of wireless networks, the 'fifth generation' or 5G and inherent key emerging technologies [1] envision specific application domains. Concepts such as Urban Internet of Things (IoT) designed to support the Smart City vision [2] , intelligent transportation and wireless sensor networks (WSN) together with more industry motivated systems such as wireless avionics intracommunication (WAIC) in the aviation, and other infrastructure systems that go in hand with the IoT and the Industry 4.0, are examples on how current technologies increasingly depend on wireless communication systems.
Technological trends such the ones seen in the wireless communications, tighter electromagnetic interference (EMI) and electrostatic discharge (ESD) regulations together with higher demands for greener solutions and the need for multipurpose materials brings new challenges which motivates, in particular, the study of the electromagnetic interference shielding of conductive polymer composites (CPC).
Problems inherent to electromagnetic interference can be solved using different approaches such as grounding, bonding, filtering, isolating and by shielding [3] . In particular EMI shielding consists in the isolation of sensitive electronic equipment from unwanted electrical noise through the use of conductive barriers.
EMI shielding is strongly influenced by the design of the enclosure serving as shield, mounting of the enclosure, gaskets used, environmental exposure, continuity of the shield [4] , among others, and ultimately by the material used to build the part serving as the EMI shield.
In the context of polymer nanocomposites factors such as the small scale of the fillers, the polymer-filler affinity, and the thermo-mechanical history involved on the composite processing chain that dictates the filler dispersion, distribution and filler orientation, makes the prediction of the electrical properties on such materials a very challenging task. Therefore, in contrast to metals where the knowledge on their use as EMI shields is fairly matured, experimental EMI SE measurements are needed to assist on the development of CPC materials focused on applications where electromagnetic compatibility, commonly referred to as EMC, is required.
Several SE tests methods have been developed in order to quantify the EMI SE capabilities of materials, some methods such as the ones defined by the ASTM D4935-10 [5] and IEEE Std 299-2006 [6] standards are well known, however due to great number of potential test conditions, the electrical nature of the materials to be tested [7] , [8] , and setup related errors [9] - [11] , the EMI SE values for the same material may differ between different test methods. Thus a more robust test setup to measure EMI shielding would be highly desirable.
The EMI shielding test method of enclosures was first introduced by the MIL-STD-285 standard and later replaced by an improved version, the IEEE Std 299-2006 standard. Later work such as in [12] suggested improvements for the IEEE standard in order to allow measurements of enclosures with dimensions smaller than 2 m and to define clear fail/pass attenuation limits. In [13] a reverberation chamber technique for measuring the SE of enclosures in the order of 0.1 m cube and smaller is proposed. This sort of input led to the origin of the IEEE Std 299. 1-2013 [14] standard that covers EMI shielding tests of enclosures with dimensions between 0.1 m and 2 m not covered in the IEEE Std 299-2006 standard. However according to [4] in the mode-stirred reverberation method the EMI SE measurements have limited sensitivity to the geometry of the test setup due to the statistical nature of the method. Given that the lower frequencies are related to the reverberation chamber geometry the method can only be safely employed with frequencies typically above 1 GHz.
Whereas the SE test method of enclosures accounts for aspects such as design features on the enclosure the methods used to assist the development of EMI barriers focus on the material itself thus EMI SE test methods for planar material are employed. The waveguide and the transmission line holder are two of the methods used to characterize such materials.
The transmission line method has two distinct approaches to measure the EMI SE, the continuous conductor (CC) and the split conductor (SC) [15] . The CC configuration, based on the ASTM ES7-83 standard withdrawn in 1988, consisted of a 50 Ohms continuous line that could be disassembled to insert an annular testing sample.
The SC approach, defined by the standard ASTM D4935-10, consists of a sample holder, also known as test fixture, transmission line holder, tester and flanged coaxial sample holder, that works as a coaxial transmission line with geometrical characteristics such that the impedance at the connection points and throughout the line is maintained at 50 Ohms, the characteristic impedance. The holder is made of two equal halves with a pair of flanges in the middle to hold the specimens allowing capacitive coupling of energy into insulating materials through displacement current [5] . The gap discontinuity due to the sample thickness is taken in account by using a reference sample that consists of a ring and a disc of the same material. The difference between the measurement without material (reference specimen) and with material (load specimen) gives the SE that is the result of two distinct shielding mechanisms, the shielding due to reflection and shielding due to absorption.
The ASTM D4935-10 standard covers a frequency range from 30 MHz to 1.5 GHz however various work [16] - [19] , have used with more or less success a modified version of this method to perform SE tests in a wider range of frequencies. Other insightful work based also on the ASTM D4935 standard report on a tester developed to operate at frequencies up to 8.0 GHz, [20] , [21] , and up to 18 GHz [22] reported in a more recent work. These testers are dedicated to the EMI SE measurements of thin films.
Despite the fact that CC and SC methods being widely used the appearance of higher modes inside the sample, due to the reduction of wavelength in conductive materials considered electrically thick, may result in SE errors. This is justified by the fact that at high frequencies the shielding contributions due to absorption is considerable for the case of electrically thick samples [23] .
Dual-TEM cells, TEM-t, nested reverberation chambers, and flanged dual-ridged waveguides or H-t cells are examples of other SE test methods used with planar materials.
The purpose of this work is to develop an error-free test setup to assess the shielding effectiveness of conductive polymer composites at frequencies ranging from few kHz up to 3 GHz.
By means of using electromagnetic wave simulations we aim to study different setup designs in order to select and optimize a setup that results in a good compromise between performance (low insertion loss, setup independent frequency response) and easiness of use.
We plan to demonstrate the performance and suitability with a manufactured version of the proposed setup and S-parameters measurements with and without planar samples.
II. S-PARAMETERS A. SHIELDING EFFECTIVENESS (SE)
In the simplest case an EM wave initially traveling in the free space hits a barrier. Due to difference in impedance between the free space and the barrier, part of the wave initial incident power (P IN ) is reflected (P RE ), absorbed (P AB ), and transmitted (P TR ) at different ratios.
A vector network analyzer (VNA) measures the phase and magnitude of the scattering parameters (S-parameters) which are characteristic to a device under test (DUT) or similarly to a material under test (MUT). The S-parameters allow to obtain simultaneously the reflected and transmitted power over a given frequency range.
In a two port VNA there are four S-parameters S 11 , S 12 , S 21 , and S 22 . The S [ij] parameter is the fraction of signal reflected back to the same port where the signal was initially injected when i = j, (S 11 and S 22 ). The power reflected back to Port 1 (Port 2 ) is given by (2) .
The S [ij] parameter is the fraction of signal transmitted from Port [i] to Port [j] through the MUT when i = j, (S 12 and S 21 ). The total power transmitted from Port 1 (Port 2 ) to Port 2 (Port 1 ) is given by (3) .
In the case of barriers for electromagnetic compliance internal multiple reflections and other dissipation mechanisms cause part of the signal to be absorbed within the barrier. Using (1) the ratio of absorbed power P AB to the incident power P IN is expressed as follows:
The evaluation of the SE of a material using the S-parameters takes in account the shielding due to reflection, S RE , and the effective shielding due to absorption, S AB , given in (5) and (6), respectively.
S AB = 10. log 10
The total shielding, in dB, is given by the sum of both S RE and S AB contributions:
Equation (7) is used to compute the total shielding measured in both cases, with the reference specimen (S Tot−REF ) and with the load specimen (S Tot−LOAD ). The SE value is given by subtracting the total shielding measured with the load specimen, S Tot−LOAD , from the shielding measured with the reference specimen, S Tot−REF , as in (8) yielding a positive value.
A very high shielding measured with the load specimen will result in a high (positive) SE whereas a very low shielding measured with the load will be almost fully cancelled by the shielding measured with the reference specimen.
B. CHARACTERISTICS OF THE SE TESTER
The performance of the manufactured SE Tester setup was assessed by using a set of parameters, well-known among the microwave community, hereafter presented.
In a lossless network the sum of the signal power entering all the network ports is equal to the sum of signal powers leaving all the network ports, meaning that no power is lost inside the network itself. This is formulated in [24] as follows:
For a two port VNA (9) results in two conditions, the lossless network conditions given in (10) and (11) . A third condition, the impedance mismatch, is given by (12) .
The magnitude of the |S 11 | (|S 22 |) parameter, known as the reflection coefficient ( ), = |S 11 |, allows to obtain the voltage standing wave ratio (VSWR) as follows:
The insertion-loss (IL) is given as follows:
III. SETUP DESIGN AND VALIDATION A. SETUP DESIGN CONSIDERATIONS
For the design of the SE test setup we choose the coaxial holder method defined in [5] . This method is preferred due to its simplicity, compactness and the possibility to customize the dimensions of the tester to a desired sample size and the operating frequency range to the higher frequencies available on the VNA. To obtain the best SE test setup, hereafter referred to as the SE Tester, four different setup designs shown schematically in Fig. 1 were initially considered and finite-element methods (FEM) simulations were performed using the electromagnetic (EM) wave simulation software CST STUDIO SUITE R . Configuration A (Fig. 1 a) is the simplest case where the inner conductor has the same diameter, d = 3.040 mm, as the pin of an APC-7mm connector. In configuration B (Fig. 1 b) the coaxial line is designed using an impedance-matched step representing the transition from the APC-7mm connector to a larger diameter coaxial line. Configuration C (Fig. 1 c) uses a coaxial-conical-coaxial design whereas configuration D ( Fig. 1 d) uses 2 locations with a coaxial-spherical-conical transition design. A transmission line similar to the one represented in Fig. 1 a) was implemented by [17] and [18] to operate in a frequency range up to 13.5 GHz. But with no mention of the insertion loss performance of the empty SE Tester.
The small diameter of the inner conductor of a design such as in configuration A with d = 3.040 mm, makes the task of producing and handling samples of this size difficult, and the sample itself may not be representative of the MUT.
The configuration B aims to ease the problem with reduced sample size by increasing the diameter of the inner conductor to d = 5.00 mm. The step transition from the APC-7mm connector to the SE Tester inner conductor takes in account the design principle 1 and 2 defined in [25] . The two principles define that 1) the characteristic impedance needs to be maintained constant along the transmission line and 2) an unavoidable impedance discontinuity needs to be corrected by introducing an individual coplanar compensation as show in [25, Fig. 16] .
Configuration C is a transmission line with a coaxialconical-coaxial design similar to the ASTM D4935-10 standard. This configuration was implemented in [26] through the use of a compensating method [26, Fig. 4 ] that results in an improved transmission line, comparatively to the ASTM 4539-10 SE Tester, with a input return loss < −20 dB in the 30 MHz -3 GHz frequency range and no mention of the insertion loss.
The configuration D is the result of combining the aspect of easier sample preparation and handling with the fundamental design principles for precision coaxial components given in [25] . This design which is novel in the context of EMI SE measurements, was inspired by the work reported in [27] - [29] on the development of a ten-way transmission line power combiner. In this configuration a conical section is employed instead of stepped coaxial matched sections to overcome problems with the high electric fields that may originate at sharp edges. In addition a smooth spherical transition between the coaxial and conical section, similar to a Klopfenstein taper [30] , is implemented to ensure impedance continuity at the transition.
To implement the different configurations with special focus on what seemed to be the best SE Tester design, Fig. 1, d ), the dimensions of the inner conductor were defined by the dimensions of the APC-7mm connector on one side and by the diameter of the reference sample inner disc at the flange side. The inner conductor has a d 1 = 3.040 mm on the side interfacing with the APC-7mm connector, as defined in the Annex D of IEEE Std 287-2007 standard [31] , and a d 2 = 10 mm on the flange side. The original inner conductor of the APC-7mm connector was replaced by embedding it in the design of the SE Tester inner conductor.
The characteristic impedance (Z 0 ) of a coaxial transmission line is defined as follows:
The variables used in (15) for an air-line are: the free space wave impedance η 0 = 377 , the relative permittivity of air ε r = 1, the inner diameter of the outer conductor D, and the outer diameter of the inner conductor d. 
B. EM WAVE SIMULATION
The geometry of each configuration was associated with a material from the software database, namely air for the dielectric medium (ε = 1.00059; µ = 1.0), annealed copper (σ = 58e + 06 S/m; µ = 1.0) for the conductors and Polytetrafluoroethylene (PTFE) (ε = 2.1; µ = 1.0) when centering rings are included. Following the different design concepts presented in Fig. 1 EM wave simulations were performed with frequencies up to 12.0 GHz to evaluate the performance of each configuration. Fig. 2 shows the IL and the VSWR obtained for the different SE Tester configurations. For frequencies below 3.0 GHz configuration A gives an IL < 0.02 dB and an IL < 1.01 dB for higher frequencies.
The high insertion losses observed for configuration B are due to the impedance mismatch at the step transition. For frequencies below 3.0 GHz a maximum IL of 0.92 dB is obtained. The IL value worsens with the frequency increase, as shown in Fig. 2, a) .
Configuration C shows IL < 0.03 dB close to the IL < 0.02 dB value obtained with configuration D for frequencies lower than 3.0 GHz, however resonant peaks in configuration D are more common and the IL value tends to increase with the increase of frequency as shown in the VSWR plot (Fig. 2, b) . According to the simulations configuration D offers the best tradeoff between usability and simulated performance and it is the configuration we selected for further optimization.
C. SETUP OPTIMIZATION
Geometrical features such as centering rings and overcuts were added to the design of configuration D, Fig. 1 d) , to assess their impact on the SE Tester performance. From Fig. 3 a) is possible to see that in configuration D.1 the IL < 0.13 dB up to 3.0 GHz. Configuration D.2 and D.4 are similar, both have a ring to center the inner conductor close to the flange, however configuration D.2 design included an overcut on the outer conductor to fix the centering ring, this resulted in an IL < 0.03 dB compared to IL < 0.01 dB for configuration D.4 at 3.0 GHz. In both cases, the presence of the centering ring, shifted the first nearzero-reflection discontinuity to higher frequencies, namely to 8.7 GHz and 9.5 GHz for configuration D.2 and D.4, respectively.
The VSWR values, shown in Fig. 3 b) , for the full simulated frequency range is smaller than 1.2 for configuration D.3 and D.4, however specially for the configuration D.1 the VSWR is substantially aggravated with the increase of frequency. This effect is caused by the overcuts close to the connector side where the conductor's diameter are smaller resulting in higher current density and consequently high electric fields at the sharp edges of the recesses.
Excluding configuration D.3 which is unfeasible in terms of implementation, configuration D.4 is the design that gives the best simulated results and is therefore used to further study possible effects due to varying the gap distance between the SE Tester flanges.
D. GAP-DISTANCE EFFECTS
To assess how the gap-distance, or equivalently sample thickness hereafter referred to as gap, affects the EM wave propagation we implemented a script to generate the 2D profiles of SE Tester configuration D.4 with a gap varying from 0.5 mm to 4.0 mm. The 2D contours were then used to create the SE Tester/sample axisymmetric 3D geometries with CST STU-DIO SUITE R . EM wave simulations were performed using reference and load specimens for eight different thicknesses and two quasi-EMI transparent materials, Polyimide (PI) (ε = 3.5; µ = 1.0) and PTFE (ε = 2.1; µ = 1.0). The simulated S-parameters values were exported to ASCII files for each of the eight simulations and the SE was computed using (5), (6) , (7), and (8) similarly to the procedure for experimental data.
The simulated SE values shown in Fig. 4 , for PTFE a), and PI b), are close to zero however at the points where the frequencies of the EM wave matches the resonant frequencies of the material absorption takes place. A wider gap and higher permittivity value result in a higher anomalous dispersion around the resonance frequency of the material, an effect which becomes more visible with frequency increase.
According to the work reported in [32] , at higher relative permittivity values, such as for PI compared to PTFE in our case, the electrical depth in the gap is bigger due to a greater power escape at this location. This explanation could be used to justify the small differences in SE for PTFE and PI at the material non-resonant frequency where the SE values level off.
Resonant frequencies (ω 0 ) of the material are a material related phenomenon and thus shall be distinguished from setup related resonance frequencies. To evaluate the setup effects together with ω 0 of the MUT, i.e. how the SE Tester setup impacts the SE values, we performed simulations for configuration A and configuration B, two configuration which we expect to influence differently the SE values due to their distinct performances. The material used was PI instead of PTFE due to its slightly higher dielectric constant.
From the simulated SE values, shown in Fig. 5 , it is possible to observe that the ω 0 values of PI shift to lower frequencies comparatively to Fig. 4 b) . In configuration A (Fig. 5, a) the increase of sample thickness and frequency results in the broadening of the absorption region around ω 0 . Despite the fact that configuration A gives the lowest IL values this result seems to indicate that a setup with larger cross section, i.e. larger D and d such as in configuration D. 4 , is preferred to a design with a small cross section where the EM waves are tightly confined and thus more susceptible to gap effects. Whereas it is still possible to distinguish the peaks in configuration B, Fig. 5, b) , from the ω 0 of PI at around 2 GHz, 5.5 GHZ, and 9 GHz impedance mismatches in this configuration result in localized errors accounted as SE. This effect is aggravated with the increase of both the gap thickness and frequency.
According to the simulations performed we concluded that configuration D.4 produced the best results and is therefore the preferred design for further implementation.
IV. EXPERIMENTAL MEASUREMENTS A. SETUP CONSTRUCTION
The design of configuration D.4 was used to produce detailed 2D technical drawings for the manufacturing of the final SE Tester. The SE Tester was manufactured with AMPCOLOY R 972 material (σ = 51e + 06 S/m) using a DMU 60 monoBLOCK R CNC milling machine with a solid carbide tool. A cut view of the 3D CAD and the manufactured SE Tester is shown Fig. 6 .
B. SETUP VALIDATION
To perform the S-parameters measurements an Agilent 8753ES VNA, having a 30 kHz to 3 GHz frequency range, was used with two phase-matched 50 Ohms APC-7mm test port cables. To interface with the VNA a Prologix, LLC GPIB-USB controller was used together with a laptop. In order to take data and adjust the VNA settings (output power, stimulus signal start/stop frequency, number of trace points, data format, within others) a script was implemented using the Instrument Control Toolbox in MATLAB R . The validation of the newly manufactured SE Tester was done by performing fifty measurements each preceded by the unmounting and mounting of the empty SE Tester. Using (7) we calculated the SE contributions of the empty SE Tester for each test, as shown in Fig. 7 . The average total stray shielding for the empty SE Tester is below −1dB, Fig. 8 a) , with a standard deviation (STD), Fig. 8 b) , smaller than 0.14 dB. For frequencies lower than 1 GHz the STD is greater than that seen for the rest of the frequency range. The small STD values show that the mounting and unmounting process of the SE Tester yields good repeatability. Thus the transmission characteristic of the empty SE Tester is considered flat as a function of frequency with absolute stray shielding contribution of 1 dB for the 30 kHz to 3 GHz frequency range or of 1 6 dB/decade. Simulated and measured S-parameters, identified by ''(s)'' and by ''(m)'', respectively, obtained with the empty SE Tester configuration D.4 were used to compute the VSWR using (13) and the IL using (14) . The suffix 1 and 2 relate to the VNA Port 1 and Port 2 , respectively. The simulated values for Port 1 and Port 2 are exactly the same since the SE Tester design model is ideal and thus perfectly symmetric.
In Fig. 9 a) the maximum measured IL in Port1(m) is 0.961 dB and in Port2(m) is 0.932 dB at 2.67 GHz and minimum of 0.279 dB at 298 MHz for both cases. To better represent the trends of the measured values we applied an exponential moving average (EMA1/2) to the IL and VSWR values. The EMA plots give an IL < 0.812 dB for the overall frequency range and an IL < 0.514 dB for frequencies lower than 2.0 GHz.
The maximum VSWR obtained at port 2, Fig. 9 b) , is 1.33 and 1.32 at 1.11 GHz and 2.69 GHz, respectively. A VSWR < 1.22 for the whole range is obtained in the EMA plots.
Whereas the simulated IL is in the order of few hundredths of a decibel, 0.015 dB, the actual measured value is on the order of few tenths of a decibel. According to the test port cables datasheet the cables have an IL < 0.5 dB at 2 GHz and IL < 0.9 dB at 6 GHz. Since the measured values include the IL from the cables, cable -SE Tester connection and the SE Tester itself we presume that the IL of the SE Tester alone, as in the simulated case, is smaller than the reported value of 0.812 dB. Nevertheless it is worthwhile to mention that the simulations predicted very well the behavior of the produced SE Tester as shown in Fig. 9 b) . At the frequency values where the near-zero-reflections occur, or lowest values computed for VSWR, the measured values intercept the plot Port1/2(s) of the simulated values. In addition the VSWR EMA1 and EMA2 plots follow a similar trend as in the plot Port1/2(s) obtained with the simulated S-parameters.
We computed the skin depth δ using the electrical conductivity of AMPCOLOY R 972 and frequencies within the VNA frequency range, as shown in Fig. 10 . A milling process, as the one used to manufacture the SE Tester, results in surface roughness ranging from few tens of micrometer down to few tenths of micrometer in the very best case. The skin depth obtained at 30 kHz, 1.0 GHz and 3.0 GHz is of 288 µm, 1.6 µm and 0.9 µm, respectively. At 3.0 GHz the annealed copper used in the simulations gives a similar δ value of 0.85 µm.
The combined effect of skin depth and surface roughness is a possible explanation for the small ripple-like effect seen in the measured values which intensify when frequency increases, i.e. higher frequencies result in a smaller skin depth and the alternating current becomes more susceptible to the quality of the surface finish of the SE Tester.
Besides the skin effect small localized impedance mismatches seem to be the cause of the two maximum VSWR measured values. In order to evaluate the reciprocity of the SE Tester we computed the average value of S 12 and S 21 parameters, as shown in Fig. 11 a) .
Contrary to what happens in an ideal two ports reciprocal network, where S 12 = S 21 , small differences exist between the measured S 12 and S 21 values. The highest absolute difference, as shown in Fig. 11 b) , of S 12 and S 21 (|S 12 − S 21 |) happens at 1.27 GHz and 2.16 GHz close to the frequencies with the highest VSWR values. These results seem to support the idea that non-reciprocity is caused by localized impedance mismatches possibly in part due to small discontinuities at the connector -setup transition and small misalignments between the two SE Tester halves. Roughness is very unlikely to be the cause of such localized effects since it affects the whole surface of the tester in the same way.
By applying the lossless network conditions using (10) and (11) the lowest value of 0.82 occurs at 2.67 GHz whereas the highest value of 0.94 occurs at 300 MHz for both cases. The impedance mismatch condition (12) gives the highest values of 0.27, and 0.25 at 1.12 GHz, and at 2.68 GHz, respectively being 0.03 the lowest value at 142 MHz.
The losses in the SE Tester increase for frequencies greater than 2.0 GHz and the frequencies at which the highest impedance mismatches occur support the previous conclusions reached for the VSWR and non-reciprocity results. 
C. SHIELDING EFFECTIVENESS MEASUREMENTS
In order to further assess the performance of the SE Tester we performed EMI SE measurements using five equally thick but electrically very different polymer composites samples produced by injection molding, as it is shown in Fig. 12 .
Five different materials were used, namely: Pristine PP Adflex X 500 F supplied by LyondellBasell, the A220-ST PREMIER TM EMI shielding commercial compound supplied by Chomerics Division Europe (UK), a commercial conductive carbon black concentrate PRE-ELEC R PP1381 supplied by PREMIX OY (Finland), a less conductive 15 wt% GNPs/PP concentrate from another supplier and a 3 wt% CNTs/PC diluted from the PLASTICYL TM PC1501 commercial concentrate supplied by Nanocyl SA. (Belgium). We performed ten measurements for each material, five with the reference and five with the load specimen. The results shown in Fig. 12 are the averaged values obtained for each material.
The thin insulating layer that results at the surfaces of composite samples produced by injection molding may cause additional sample -tester contact impedances that add up to SE value if the tester design is not appropriate [10] . In this scenario the error added to the true SE of the MUT results in an exponential decaying SE plot at lower frequencies due to the increase of the SE by few tens of dB which consequently results in overestimating the shielding properties of the MUT at these frequencies.
In our case the SE plots for the different materials show that the SE Tester is insensitive to the effects abovementioned. The SE obtained for the pristine PP is a flat line at nearly 0 dB as expected. The A220-ST material gives a maximum SE value of 78.1 dB at 1.0 GHz, very close to the 80 dB figure of merit value for this grade, followed by a decrease in SE a trend which is seen in similar grades such as the A240-HT and A230-HT as per the material datasheet. Additionally materials such as the PRE-ELEC R PP1381 show a quasifrequency independence with an almost SE-frequency linear response up to 3 GHz at a SE value of 23 dB.
In the context of CPC it is worth to mention that the SE value at different frequencies for a given sample is dependent not only on the composite material itself but also on its thermo-mechanical history that impacts the sample and bulk composite morphology, and ultimately the SE response. However a deeper understanding on how such aspects influence the SE-frequency response of the different conductive polymer composites is a subject of future research.
V. SUMMARY
Based on coaxial transmission line principles and the test method defined by the ASTM 4935-10 standard four generic SE test setup designs were proposed and studied with electromagnetic wave simulations.
To the best performing setup small geometrical features were added to bring it closer to a practical setup and new simulations were performed for further optimization.
Additional simulations were performed to study the effects of separating the tester halves on the propagation of electromagnetic waves.
Based on the simulations optimization a setup was manufactured and validated with fifty consecutive unmounting and mounting of the empty SE Tester. S-parameters were measured after each mounting to evaluate the reproducibility of the setup. Additionally five equally thick but electrically different conductive polymer composites planar samples were used to measure their shielding effectiveness.
The optimization resulted in a novel coaxial-sphericalconical smooth transition design with a good performance given by a low insertion loss, high repeatability and a good tradeoff between performance and usability.
VI. CONCLUSIONS
Long-standing, but still sound and very useful, design principles for precision coaxial components in combination with the flexibility of 3D EM simulation software proved to be crucial in defining a reliable setup for EMI shielding effectiveness measurements.
Simple, yet helpful, equations proposed in the literature such as impedance mismatch, lossless network condition and the reciprocity were used, to our knowledge, for the first time within the context of SE testing of planar materials to help in understanding the performance of the SE Tester.
From the simulations we concluded that the sample thickness, sample electrical properties, and the setup design are aspects that all impact the SE results. Interestingly a setup with a small cross section, similar to that of an APC-7mm connector, gives the lowest voltage standing wave ratio when simulated without gaps, however such design is outperformed by a properly designed setup with larger cross section when simulated with the discontinuities imposed by the insertion of a quasi-EMI transparent sample.
We deduced that a setup with a larger cross-section is preferred to a small cross-section setup where the EM waves are extremely confined and thus more susceptible to the unavoidable discontinuity due to the sample thickness.
We achieved a satisfactory averaged insertion loss value lower than 0.812 dB and a standard deviation value of 0.015 with the measured parameters S 12 and S 21 for frequencies up to 3.0 GHz. The most visible impedance mismatches, given by (12) , happen at 1.12 GHz and 2.68 GHz. The lossless network conditions given by (10) and (11) result in values lower than 0.9 for frequencies higher than 2.0 GHz.
We established that the mismatches arise most likely due to the SE tester inner-conductor -connector transitions and small misalignments affecting the reciprocity of the setup. The increase of loss with frequency is justified with the skin effect and surface quality.
Performance aspects such as reciprocity and insertion loss could be further improved in future work through the use of finer mechanics aiming high dimensional accuracy, improved surface finish and surface treatments at the expense of high costs which are currently unpractical in the framework of this research.
The SE Tester herein proposed proved to be adequate and a useful test method to gain insight and support future work related to the development of polymer composites for EMI shielding applications.
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